To elucidate the role of (bio)geochemical processes that fueled iron and carbon cycling in early Earth oceans, modern environments with similar geochemical conditions are needed. As the range of chemical, physical, and biological attributes of the Precambrian oceans must have varied in time and space, lakes of different compositions are useful to ask and answer different questions. Tropical Lake Matano (Indonesia), the largest known ferruginous lake, and Lake Pavin (France), a meromictic crater lake, are the two best studied Precambrian ocean analogs. Here we present seasonal geochemical data from two glacially formed temperate ferruginous lakes: Brownie Lake (MN) and Canyon Lake (MI) in the Upper Midwest, USA. The results of seasonal monitoring over multiple years indicate that (1) each lake is meromictic with a dense, anoxic monimolimnion, which is separated from the less dense, oxic mixolimnion by a sharp chemocline; (2) below this chemocline are ferruginous waters, with maximum dissolved iron concentrations >1 mM; (3) meromixis in Brownie Lake is largely anthropogenic, whereas in Canyon Lake it is natural; (4) the shallow chemocline of Brownie Lake and high phosphorus reservoir make it an ideal analog to study anoxygenic photosynthesis, elemental ratios, and mineralogy; and (5) Abstract To elucidate the role of (bio)geochemical processes that fueled iron and carbon cycling in early Earth oceans, modern environments with similar geochemical conditions are needed. As the range of chemical, physical, and biological attributes of the Precambrian oceans must have varied in time and space, lakes of different compositions are useful to ask and answer different questions. Tropical Lake Matano (Indonesia), the largest known ferruginous lake, and Lake Pavin (France), a meromictic crater lake, are the two best studied Precambrian ocean analogs. Here we present seasonal geochemical data from two glacially formed temperate ferruginous lakes: Brownie Lake (MN) and Canyon Lake (MI) in the Upper Midwest, USA. The results of seasonal monitoring over multiple years indicate that (1) each lake is meromictic with a dense, anoxic monimolimnion, which is separated from the less dense, oxic mixolimnion by a sharp chemocline; (2) below this chemocline are ferruginous waters, with maximum dissolved iron concentrations >1 mM; (3) meromixis in Brownie Lake is largely anthropogenic, whereas in Canyon Lake it is natural; (4) the shallow chemocline of Brownie Lake and high phosphorus reservoir make it an ideal analog to study anoxygenic photosynthesis, elemental ratios, and mineralogy; and (5) a deep penetrating suboxic zone in Canyon Lake may support future studies of suboxic microbial activity or mineral transformation.
Introduction
The progressive oxygenation of the atmosphere and oceans hinged around the Great Oxidation Event ca. 2.46-2.33 billion years (Gyr) ago at the close of the Archean (Gumsley et al., 2017; Luo et al., 2016) , which generated redox interfaces between reduced chemical species deep within the ocean and oxygen produced in the euphotic zone. Due to higher mantle heat flows, deep ocean water in Archean and Proterozoic was characterized by extensive hydrothermal input (Isley, 1995; Planavsky et al., 2012) and was rich in dissolved redoxactive species such as Fe (II) and Mn (II). The development of euxinic (i.e., anoxic and sulfidic) bottom waters was limited by the small sulfate reservoir (Canfield & Farquhar, 2009 ). However, ferruginous conditions remained an important feature of the Earth's oceans throughout the Precambrian (Planavsky et al., 2011; Poulton & Canfield, 2011; Sperling et al., 2015; Wood et al., 2015) . Evidence for intensified redox cycling by the oxygenated mixed layer spans the Precambrian and is recorded in numerous redox proxies (Kendall et al., 2010; Li et al., 2010; . These conditions persisted until the ventilation of the deep oceans at the close of the Proterozoic around 0.6 Gyr (Canfield et al., 2007) . Meromictic (i.e., permanently stratified) lakes and stratified seas are suitable modern analogs for the water columns of Archean and Proterozoic oceans and offer an opportunity to study geochemical and biogeochemical signatures that are generated as a consequence of persistent aquatic redox interfaces (Koeksoy et al., 2016) . Such interfaces are generally useful to study microbially driven biogeochemical processes, as microbial life was the predominant biological force on early Earth. Ferruginous meromictic lakes have become important analogs to study microbial processes involved in marine carbon cycling in the Archean and Proterozoic. One example is the role of anoxygenic photosynthetic bacteria who oxidize Fe (II) photosynthetically (so-called "photoferrotrophs"), which may have been important to early marine primary productivity (Crowe et al., 2008 Llirós et al., 2015; Walter et al., 2014) . Another is the role of methanogenesis and methane oxidation as primary pathways for organic carbon degradation under micromolar sulfate conditions that distinguish Precambrian oceans from the modern (Crowe et al., 2011; Oswald et al., 2016) . Additionally, ferruginous lakes provide a window into how elemental, isotopic, and organic (bio)signatures of a ferruginous water column are recorded into minerals and sediments Viollier et al., 1995) , thus aiding in interpreting the Archean and Proterozoic marine sediment record.
There is a long history of utilizing meromictic lakes (e.g., Green Lake; Havig et al., 2017; Zerkle et al., 2010) and anoxic, sulfidic seas (e.g., Black Sea; Lewis & Landing, 1991; Manske et al., 2005 ; and the Baltic Sea; Dyrssen & Kremling, 1990) to study biogeochemical cycling. Ferruginous lakes have been studied for their unique limnology, hydrology, and ecology (Boehrer et al., 2009; Hongve, 1980 Hongve, , 1999 Meriläinen, 1970) and their effect on elemental cycling (e.g., Balistrieri et al., 1994) . Several studies in the last decade have focused on ferruginous lakes as analogs for biogeochemical cycling in stratified, ferruginous conditions of Archean and Proterozoic oceans. These lakes include Lake Matano (Indonesia; Crowe et al., 2008) , Lake La Cruz (Spain; Walter et al., 2014) , Lake Pavin (France; Viollier et al., 1995; Lehours et al., 2005) , and the ferruginous Kabuno Bay within Lake Kivu (Democratic Republic of Congo; Llirós et al., 2015) . The analog utility of these lakes seems to be spurring discovery or recognition of additional geographically diverse lakes as ferruginous (e.g., Savvichev et al., 2016) . The presence of anoxic and ferruginous conditions in the bottom waters of lakes, which either do not turn over at all, or turn over regularly or occasionally, may not be that rare. It has been suggested that millions of dimictic temperate boreal shield lakes in Eurasia and North America may be ferruginous due to underlying Precambrian Shield geology that is high in iron and low in sulfate (Schiff et al., 2016) . Numerous kettle lakes in Scandinavia are also known to be meromictic (Hongve, 1980; Meriläinen, 1970) .
In this study, we document the seasonal geochemical trends of two meromictic, ferruginous lakes. We performed seasonal monitoring of physical and chemical parameters using limnological methods to assess stability of each water column. We report physical (temperature, conductivity, and dissolved inorganic carbon, DIC), redox (dissolved iron and oxygen), nutrient (phosphorus, nitrate, and ammonium), and major cation and anion profiles of the lakes seasonally for one full year. We aim to encourage scientists to utilize these study sites, in addition to previously characterized ferruginous lakes, to better understand biogeochemical dynamics across a range of physical and chemical conditions that can provide context to the spatial and temporal variation in the chemistry and biology of early Earth's ferruginous oceans, as well as current and future scenarios in our freshwater resources.
Methods

Brownie and Canyon Lakes
Brownie Lake (N44°58 0 4.483″, W93°19 0 26.677″) is located in Minneapolis, MN, and is the northernmost lake in the Minneapolis Chain of Lakes (Brownie, Cedar, Isles, Calhoun, and Harriet) . The catchment area is mostly residential, with recreational paths surrounding the lake. It has an approximate surface area of 5 ha and a maximum depth of 14 m (Minneapolis Park and Recreation Board, 2013; Myrbo et al., 2011 
Sample Collection
Sampling was performed from moored boats at the deepest locations in both lakes. Water was collected from a maximum depth of 13 m at Brownie Lake and 21 m at Canyon Lake ( Figure 1 ). Each lake was sampled multiple times throughout 2015-2018 to assess seasonal change and confirm stable stratification. Sensors were lowered on depth-calibrated cables. All samples for nutrients, cations and anions, major and minor elements, redox species, and DIC were collected with a Proactive Mini Monsoon pump with low-flow controller attached to vinyl tubing and a cable marked with meter and half-meter depth increments. Water was filtered by attaching a syringe filter directly to the tubing, and where necessary to a needle via luer lock connections.
Sensors
A Hydrolab Series 5 multiprobe (Hach) was deployed to collect conductivity/temperature/depth data, in addition to dissolved oxygen (detection limit: 3 μM), pH, oxidation-reduction potential, and turbidity. Calibrations were performed after rinsing the sensors twice with deionized water. Conductivity and salinity were calibrated with a two-point calibration utilizing buffers obtained from the manufacturer. The membrane-based dissolved oxygen probe was calibrated using a single point calibration with 100% air-saturated water. The pH sensor was calibrated by using commercially prepared buffers (pH 4, 7, 10). Light profiles were measured using a LI-COR 192SA (sensitivity of 4 μA per 1,000 μM·s À1 ·m À2 ) underwater quantum sensor on a lowering frame. From June until September of 2017, a vertical chain of Hobo temperature recorders (accuracy 0.2°C, precision 0.02°C) was deployed in Canyon Lake to characterize seasonal variations in stratification. Eight recorders were positioned in the water column at depths between 18.5 and 1 m; the recorders were programmed to take temperature measurements every 5 min.
Preservation and Chemical Analysis
Dissolved sulfide was filtered using a 0.22-μm polyethersulfone (PES) filter. Nitrate and dissolved phosphate (also known as soluble reactive phosphorus) samples were filtered using a 0.45-μm PES filter. Samples for ammonium and total phosphorus quantification were preserved by acidifying unfiltered water with 5 N H 2 SO 4 to pH < 2 on land after sample collection. All samples were stored on ice or at 4°C until analysis, usually within 72 hr. Ammonium (detection limit: 5 μM; Weatherburn, 1967) , nitrate (detection limit: 1 μM; Hood-Nowotny et al., 2010), total and dissolved phosphorus (detection limit: 0.1 μM; Wetzel & Likens, 2000) , and dissolved sulfide (detection limit: 1 μM; Cline, 1969; Reese et al., 2011) were measured spectrophotometrically on an Epoch 2 Microplate Reader (Biotek).
Major Dissolved Ions
Samples for cations and anions, which were collected simultaneously for each sampling trip, were filtered using 0.45 μm PES filters. Anions (Cl À , Br À , and SO₄
2À
) were preserved on ice during transport and stored at 4°C until analysis. Cation samples (Al, B, Ca, Cr, Cu, Fe, K, Mg, Mn, Si, Na, and Zn) were preserved with HNO 3 (final acid concentration of 1%) and then transported on ice and stored at 4°C until analysis. Cations were analyzed by ICP-OES (iCap 7600 Duo) at the University of Minnesota Department of Earth Sciences (2015 samples), the Minnesota Department of Health (2016 samples), or the U of MN Research Analytical Laboratory (2017 samples). Anions were analyzed at the same facilities using a Dionex 120 Ion Chromatograph following the Environmental Protection Agency method 300.0 (Pfaff, 1993) . Ion detection limits can be found in supporting information Table S1 . The significant digits reflect the quantification limit.
DIC, Methane, and Water Isotopes
Samples for DIC analysis were filtered (0.45 μm) and stored in sealed headspace vials (2015 and 2016 samples) or injected into evacuated, He-flushed exetainers containing 1 mL of concentrated phosphoric acid (2017 samples) and analyzed at the U of MN Stable Isotope Laboratory (2015 samples), and the UC-Davis Stable Isotope Facility (2016-2017 samples) . Samples for methane were filtered (0.45 μm) and filled into evacuated exetainers with no headspace except for gas evolved from sample water. Methane samples were kept at 4°C until analysis or preserved with HCl to pH < 2. We did not observe significant differences in CH 4 concentrations between samples that were acidified or not acidified. Methane was analyzed at the UC-Davis Stable Isotope Facility by forcing dissolved gasses into headspace generated by injecting a known volume of He gas to the exetainer. The headspace gas was purified with a CO 2 and H 2 O scrubber (Mg(ClO 4 ) 2 ) and a liquid nitrogen cold trap. Methane was separated using a GS-CarbonPLOT column and concentration was determined using a ThermoScientific Precon unit. Samples for water isotopes (δ 2 H and δ 18 O) were filtered (0.45 μm) and kept at 4°C with no headspace until analyses. Water isotopes were analyzed by a Picarro L1102-i Isotopic Liquid Water Analyzer in the SIPERG Laboratory at Iowa State University.
Mineral Saturation
Mineral saturation indices were calculated in Geochemist's Workbench 12 (Bethke, 2007) using major dissolved ion data, sonde measurements of O 2 (O 2 measurements were entered as zero values below the detection limit), pH, and DIC concentrations. The saturation index (SI) for any mineral is defined as the log (Q/K sp ), where Q is the ion activity product, calculated using the measured data from species involved in mineral formation, and K sp is the solubility product of the mineral. All calculations were made at ambient temperatures recorded by sonde readings. Where log (Q/K sp ) is positive, the mineral is thermodynamically favored to form, and where log (Q/K sp ) is negative, the mineral is undersaturated.
Results
Physical and Chemical Indicators of Stratification
Surface temperatures at Brownie Lake were lowest in winter 2018 and greatest in summer 2017 ( Figure 2a ). Temperature decreased deeper in the water column, except for January in which it increased slightly, until 7 m where temperature was close to 7°C for all months sampled. The pycnocline occurred at roughly 5 m during all seasons, defining the top of the monimolimnion (unmixed, anoxic bottom water; Figure 2b ). DIC concentrations at the top of the water column were lowest in the summer 2017 and highest in spring 2017. DIC increased deeper in the water column to a maximum of~13 mM (Figure 2c ). Light penetrated as deep as 6.5 m measuring 0.01 μM photons·m À2 ·s À1 in April 2017 (0.001% of surface light intensity), corresponding to oxygen levels slightly above detection (data not shown). Methane concentration maxima were 6 μM at the surface and 1.1 mM at 13 m in 2017 (Table 1) .
At Canyon Lake, surface temperatures were greatest in the summer 2017 and lowest in winter 2018 ( Figure 3a ). Conductivity measurements were very similar between seasons, with the pycnocline beginning at 15 m and a sharp increase occurring at 17.5 m (Figure 3b) . DIC was <1.5 mM above 18 m, and increased to maximum of 6.3 mM in the monimolimnion in September 2017 (Figure 3c ). The deepest light detection was at 11.5 m in September 2017, having an irradiance of 0.03 μM photons·m À2 ·s À1 (0.01% of surface light intensity; data not shown). This depth corresponded to 40 μM of dissolved oxygen. Methane concentrations in the water column were less than 1 μM at the surface and reached 1.5 mM at 20 m in summer 2017 (Table 1) .
Water isotopes (δ 2
H and δ 18 O) from Canyon Lake were collected in September 2017 and represented two distinct clusters ( Figure 7b ). The 1-3 m depths defined one cluster, and 4-21 m depths defined a second cluster. The 4-21 m samples lie at the intersection of the global meteoric water line (GMWL; Craig, 1961) and the local evaporation line (LEL; Kolka et al., 2010) . The 1-3 m samples lie between the GMWL and the LEL defined by that same study ( Figure 7c ).
Concentration gradients of major cation and anion species across the chemoclines of Brownie and Canyon are summarized in Table 2 , respectively. For detectable elements, an enrichment factor across the chemocline was calculated by dividing the deep water concentration by the surface water concentration. Within each lake, geochemically conservative species that are not influenced by anthropogenic processes (Al, B, and Mg) display similar enrichment factors within the lake. In Brownie Lake, some usually conservative elements are influenced by anthropogenic inputs (e.g. Na, Cl, and Br). Potassium has a similar enrichment factor in both lakes, while the calcium enrichment is lower in Brownie Lake relative to Canyon. Elements or ions with redox sensitivity exhibit extremes in terms of their enrichment factors (chromium, manganese, and sulfate). The enrichment factor of dissolved silicon distinguishes the two lakes. 
Depth Profiles of Redox-Sensitive Elements
Note. All values are in micromolar. The detection limits are given in supporting information Table S1 . The enrichment factor is the concentration at depth divided by the surface concentration. Manganese and sulfate concentrations in Brownie Lake in July 2017 are reported in Table 2 . Manganese was <1 μM in the surface and reached 85 μM at 13 m. Sulfate at 1 m was 52 μM and was just above detection at 13 m (~1 μM). See supporting information Table S1 for seasonal variations of manganese and sulfate. Sulfide in the anoxic water column did not build up predictably with depth but was detected rather sporadically. In spring 2017, no sulfide was detected at 13 m. In fall 2017, 19 μM sulfide was present at 13 m (Table 1) . Figure 5 displays seasonal dissolved oxygen and Fe concentration profiles between 2017 and 2018. The oxycline fluctuated and did not remain at the same place in the water column year-round. For instance, the oxycline in the summer was at 13 m, higher in the water column at 10 m in the fall, and at its lowest at 16 m in the winter ( Figure 5 ). Conversely, the Fe redoxcline remained consistent over all sampling periods. Dissolved Fe increased substantially below 18 m, surpassing 1,600 μM in the monimolimnion in winter 2018 ( Figure 5c ).
Canyon Lake
Manganese and sulfate concentrations in Canyon Lake in June 2017 are reported in Table 2 . Manganese was <1 μM at the surface and 130 μM at 20 m. Sulfate was 5 μM at 1 m and below detection at 20 m. See supporting information Table S1 for seasonal variations of manganese and sulfate. Like Brownie, dissolved sulfide in Canyon did not follow any observable trend in the water column. Dissolved sulfide was not measured at the surface but could reach 25 μM below the oxycline. The lowest measured concentration was 2 μM at 19 m in September 2017 (Table 1) .
3.3. Depth Profiles of Nutrients (Total Phosphorous, Nitrate, and Ammonium) 3.3.1. Brownie Lake Total phosphorus measurements were at or less than 1 μM until the bottom of the chemocline at Brownie Lake, where they began to increase. Maximum concentrations in the bottom waters varied between seasons. For example, total phosphorus measured 15 μM at 12 m in April 2017, and more than tripled to 47 μM at 13 m in September 2017. The entire water column is depleted of nitrate in the spring and summer months, with most samples below detection (1 μM). In September 2017, nitrate was present throughout the water column with a maximum concentration of 2 μM measured in the monimolimnion. Ammonium concentrations were consistently below detection above 5 m in the water column, except for September 2017 where concentrations ranged from 10 to 50 μM above the chemocline. Maximum ammonium concentrations fluctuated greatly in the bottom waters. For instance, the ammonium concentration at 12 m in April was 530 μM, more than tripled to 1,900 μM at 13 m in May and diminished to 850 μM at 13 m in September 2017.
Canyon Lake was more nutrient-limited than Brownie Lake. The largest amount of total phosphorous was roughly 1 μM at 20 m in June 2017. All other measurements were submicromolar in June and September 2017. Nitrate concentrations were in the range of 1-3 μM throughout the water column, with no observed depth or seasonal trends. Ammonium was not detectable until 14. 
. Modern and Historical Stratification
Prior to the early twentieth century, Brownie Lake was holomictic (Tracey et al. 1996) . The creation of a canal between Brownie Lake and Cedar Lake in 1917 decreased the surface area of Brownie Lake to its present state by dropping the water level in its basin (Wirth, 1946; Swain, 1984) . Sediment cores record the onset of meromixis in Brownie Lake by 1925, when Fe:Mn and Fe:P ratios increased, coinciding with a shift from periodically laminated sediments to consistently laminated sediments (Swain, 1984) . The relative depth (Z R ) of Brownie Lake (5.6%) reflects the small surface area (5 ha) and maximum depth (14 m), a physiographic condition that physically inhibits vertical mixing (Minneapolis Park and Recreation Board, 2013; Myrbo et al., 2011) . This Z R has increased in the twentieth century as a result of the anthropogenic activities that modified the lake level and its surface area.
Paleolimnological analysis suggested that the depth of the chemocline between dissolved Fe and oxygen within Brownie Lake has been deeper since 1925 than it is presently (Tracey et al. 1996) . This could stem from increasing ion concentrations in the bottom waters, shifting the chemocline higher within the water column. Sequestration of ions increases stability of the monimolimnion, which does not participate in the spring and fall turnover. Swain (1984) noted that the Brownie Lake thermocline and chemocline occurred between 4 and 5 m, consistent with our observation that the depth of oxygen penetration is generally around 4.5 m (Figure 4 ). The conductivity within the top 3 m ranged between 459 and 601 μS/cm from 1974 to 1979 (Swain, 1984) , whereas the lowest reading we measured was 577 μS/cm from surface water in September 2016 ( Figure 2 ). An analysis of whole lake stability was conducted by converting conductivity profiles into water density profiles (supporting information Figure S1 ). From this, corresponding profiles of the stability frequency were calculated, as well as the Schmidt stability, which is the energy required to mix the water column down to a given depth. Seasonal motion of the density gradient is confined to the depth interval between 3 and 6 m, and the salinity-imposed gradient stabilizes the stratification in the deeper waters, consistent with the depth of oxygen and penetration we observe (Figure 4 ).
The changes in density, stratification, and increase in conductivity in the past 50 years likely arose from salinity increases. From our analyses, sodium and chloride are the most abundant ions (Table 2 ). Our July 2017 sodium and chloride concentrations were 4.45 and 5.97 mM for 1 m, and 21.65 and 21.29 mM at 12 m, respectively (Table 2) . Correlations between conductivity and sodium (R 2 = 0.92) or chloride (R 2 = 0.90) have high coefficients of determination ( Figure 6 ). Similar findings by Novotny et al. (2008) for urban lakes in the Twin Cities, including Brownie Lake, were attributed to urban road salt use, primarily halite (NaCl). This phenomenon (i.e., cultural meromixis) has also been noted for several kettle lakes in Michigan, whose bottom waters are also ferruginous (Koretsky et al., 2011; Sibert et al., 2015) . Our observation that the slope of Cl versus Na data (in molar) is 0.96 (R 2 = 0.88) attest to halite as the salt source ( Figure 6 ). Surface sodium and
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Journal of Geophysical Research: Biogeosciences chloride concentrations in Brownie Lake in September 1979 were 1.58 and 2.12 mM and rose to 12.04 and 12.73 mM at 12 m, respectively (Shapiro & Pfannkuch, 1973) . In comparison to our data from 2017 (Table 2) , these ions have nearly doubled across surface and bottom waters in Brownie Lake in the last 50 years. Swain (1984) noted that the enrichment factor for Fe from surface to bottom waters was greater than that for other elements measured in that work (Na, K, Ca, Mg, SO 4
2À
, Cl, HCO 3 À , and Mn) and concluded that Fe was responsible for stratification of the water column. Our analyses suggest that sodium and chloride are currently responsible for stratification, based on their abundance as compared to iron (Table 1 and Figure 4 ).
In contrast to sodium and chloride, calcium and magnesium concentrations in Brownie Lake show more modest increases with depth, less than doubling across the chemocline. In July 2017, calcium was 1.16 mM at 1 m and 2.15 mM at 12 m, whereas it was 1.09 mM at the surface and 1.24 mM at 12 m September 1971 (Shapiro & Pfannkuch, 1973) . Magnesium was 517.10 μM at the surface and 876.86 μM at 12 m in July 2017, and 620 μM at the surface and 630 μM at 12 m in September 1971 (Shapiro & Pfannkuch, 1973) . Surface concentrations of both elements are similar through time. The comparably larger increase of calcium in bottom waters in the intervening years may be due to the precipitation of calcite in surface waters, where it is slightly saturated in all 2017 sampling events (supporting information Figure S2 ), and dissolution of this phase in the monimolimnion where it is undersaturated (e.g., Dean, 1999; Kelts & Hsü, 1978) . Magnesium, on the other hand, would be less likely to form carbonates in freshwater lakes and so should not experience this shuttling mechanism and not concentrate in the monimolimnion over time. Retention of the more conservative magnesium cation in the monimolimnion is also likely an artifact of inhibited lake mixing.
Redox Profiles
Profiles of the redox-sensitive species dissolved oxygen, iron, manganese, and sulfur, give insight into the effects of stratification. The oxygen penetration depths we observed, around 4.5 m, but seasonally variable, are comparable to those of Swain (1984) . This coincides with the maximum depth of mixing, in agreement with our stability calculations (supporting information Figure S1 ). There are small excursions of enhanced oxygen concentrations approaching the chemocline in April and September, which could indicate enhanced oxygenic photosynthesis at depth, such as in marine deep chlorophyll maxima (Cullen, 1982) . Sulfate was 215 μM at the surface in July 1971, and absent at 12 m (Shapiro & Pfannkuch, 1973) . We measured 52 μM at 1 m and 1 μM at 12 m in July 2017 (Table 1 ). The decrease in sulfate concentrations with depth is likely due to microbial sulfate reduction, consistent with our detection of sulfide below the chemocline in September 2017. The decrease in surface water sulfate concentrations in the last 40-50 years may be due to cessation of pumping of the water from the Jordan aquifer into the lake, as discussed below. The aquifer in the area of Brownie Lake contains 180-370 μM sulfate (Ruhl et al., 1983) .
Dissolved Fe and Mn concentrations in the bottom water increased over Swain's sampling campaigns between the years 1975-1979. The maximum concentration for both elements was recorded in 1979, where Fe reached 2.0 μM at 1 m and 1.3 mM at 13 m, and Mn was 0.55 μM at 1 m and 110 μM at 13 m (Swain, 1984) . In July 2017, both Fe and Mn concentrations were lower than values obtained by Swain ( Figure 4 and Table 2 ). This indicates that Brownie may have slightly reduced its inventory of Fe and Mn in the last Figure 6 . Correlation between specific conductivity (SpC) and (a) sodium or (b) chloride from Brownie Lake. The high correlations indicate that most of the conductivity can be explained by these two ions. (c) The slope of 0.96 for the plot of sodium versus chloride indicate the source of these ions is NaCl.
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Journal of Geophysical Research: Biogeosciences 50 years, although the total reservoir of these elements in both the surface waters and monimolimnion may vary in the lake on seasonal and yearly timescales. Variation in the reservoir of dissolved Fe and Mn in the mixolimnion could reflect changes in external loading of these elements to the lake. From the 1950s, an industrial cooling outlet with average total Fe concentrations of 7 μM, sourced from the Jordan aquifer, was discharged into Brownie Lake after aeration and filtration to remove Fe (Swain, 1984) until this waste stream was diverted into the storm sewer in 1993. Following phase-out of such once-through geothermal systems starting in 1989, pumping ceased at the site by 2003 (Minnesota Department of Natural Resources, 2015) . The data set from the 1970s record much higher iron concentrations in surface waters than our measurements in 2017, consistent with an active input of Fe into the surface of Brownie Lake in the twentieth century that has since ceased.
The monimolimnion of Brownie Lake has a similar range of Fe concentrations in 2017 as compared to the 1970s but is seasonally variable. Seasonal changes in pH and alkalinity, as well as sulfide concentrations, could control the formation of mineral phases that remove Fe and Mn from the water column and allow for redissolution of some phases seasonally (Busigny et al., 2016; Cosmidis et al., 2014; Dean et al., 2003; Sibert et al., 2015; Wittkop et al., 2014) . Certainly, seasonal dissolution of Fe and Mn oxides has been inferred as the source of dissolved Fe for other lakes in the Midwest where meromixis has resulted from road salt use (Sibert et al., 2015) . However, an additional source of Fe to the monimolimnion of Brownie Lake might be local groundwater. A groundwater supply of Fe has been documented for at least one other ferruginous lake (Hongve, 1999) . Reducing groundwater can be a source of dissolved Fe in the Midwest, and has been reported from Wisconsin-aged glacial till (Erickson & Barnes, 2005; Simpkins & Parkin, 1993) , which covers the Twin Cities metropolitan area. At least one metropolitan lake, White Bear Lake, experiences groundwater inflow, which can include dissolved Fe (Jones et al., 2013) . While a 2-D groundwater flow model of the Minneapolis Chain of Lakes indicates that Brownie is a net in-seepage lake (Goudreault, 1985) , further work would be necessary to constrain the groundwater inflows to and outflows from Brownie Lake, as well as local groundwater chemistry.
Nutrient Profiles
Nutrient profiles, specifically phosphorus and ammonium, reflect stratification in Brownie Lake. Total phosphorus (TP), soluble reactive phosphorus (SRP), and ammonium (NH 4 + ) are occasionally present in the mixolimnion and increase in concentration in the monimolimnion year-round (TP and SRP: tens of micromolars; NH 4 + : hundreds of micromolars to millimolars; Table 1 ). The concentrations of TP in the Brownie Lake photic zone were less than 1 μM, but still sufficient to meet criteria of >20 ppb (> 0.65 μM) for impairment by the Minnesota Pollution Control Agency (Anderson et al., 2014) . This indicates the eutrophic nature of Brownie Lake, which is the only lake on the Minneapolis Chain (Cedar, Isles, Bde Maka Ska, and Harriet) that exceeds eutrophication standards (Minneapolis Park and Recreation Board, 2013). While it is not clear whether there is an external input of P to the euphotic zone, our data suggest that despite a potential mechanism for phosphate scavenging at the chemocline by formation of Fe (III) minerals (Lascu et al., 2010) , P is not limiting to primary producers in the euphotic zone. Brownie Lake has a large reservoir of TP in bottom waters, with seasonally variable maximum concentrations of 15-47 μM, indicating that phosphate scavenged from the euphotic zone and shuttled into the monimolimnion can be remobilized due to dissolution of scavenging iron minerals, either in the water column or sediments. Dissolved phosphate concentrations in the monimolimnion were consistently lower than total phosphate, indicating a reservoir of particulate phosphorus, which could be mineral or organic.
Another nutrient and mineral forming element present in Brownie Lake is silicon (Si). We observed 6.54 μM Si at 1 m in 2017, and 367.56 μM at 13 m (Table 1) . Surface concentrations of Si in Brownie Lake are the lowest among the neighboring chain of lakes. Cedar Lake (83.67 μM), Lake of the Isles (152.03 μM), Lake Bde Maka Ska (47.35 μM), and Lake Harriet (45.93 μM) all have much greater concentrations of Si in the surface water (Minneapolis Park and Recreation Board, 2013) . This low concentration of Si may be due to the drawdown of Si by diatoms in Brownie Lake (Swain, 1984) . Diatom dominance in Brownie Lake has been linked to a decreasing trophic status resulting from P sequestration with the onset of meromixis (Tracey et al., 1996) . However, this explanation does not seem supported by the phosphate impairment identified for Brownie Lake (Anderson et al., 2014) . This low Si concentration may be due to cessation of Si-rich water input, which discharged water with 1.18 ± 0.2 mM silica (as SiO 2 ) into Brownie Lake in the second half of the twentieth century (Swain, 1984) .
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Mineralogy
The shifting inventory of elements and key chemical species with depth (and to some extent with season) in Brownie Lake, can be useful to predict, from a thermodynamic perspective, which mineral phases might be forming from the water column via the SI. The SI of a number of relevant phases are evaluated in supporting information Figure S2 . Oxide and hydroxide minerals of Mn are predicted to form at depths wherever oxygen was detected. While calcite was saturated in the photic zone (discussed above), the Mn (II) carbonate rhodochrosite and Fe (II) carbonate siderite were saturated just at the chemocline (rhodochrosite) or just below it (siderite). Mn (II) carbonate saturation has been observed from the chemocline of meromictic Green Lake (Herndon et al., 2018) . Pyrite was saturated when dissolved sulfide was detected, confined to later dates in the season-July and August. The Fe (II) phosphate mineral vivianite is usually saturated below 6-to 7-m depth, independent of season. A large reservoir of phosphate in the monimolimnion of ferruginous Lake Pavin has been noted (Michard et al., 1994) , similar to Brownie Lake, and vivianite as well as Fe (III) phosphate phases have been detected from that system (Cosmidis et al., 2014) . Despite relatively high concentrations of dissolved silica in the deep monimolimnion, the Fe silicate mineral greenalite remains below saturation there (supporting information Figure S2 ). Further mineralogical work (e.g., phase identification) would require additional sampling of sensitive phases and nontraditional (e.g., synchrotron-based) analysis, which is beyond the scope of this contribution.
Canyon Lake 4.2.1. Modern and Historical Stratification
Canyon Lake is oriented northwest to southeast on its long axis (Figure 1 ) with approximately 20-m-high canyon walls, which restrict the amount of solar radiation the lake receives and shelter it from wind mixing. Its small surface area (1 ha) and maximum depth (22.5 m) results in a Z R of 14.5%. Canyon Lake is located in a gorge within Archean gneiss bedrock, which was covered by the Laurentide ice sheet during the Pleistocene (Smith, 1940) . When the ice retreated during the last glaciation 10,200 years ago (Peterson, 1986) , water filled the basin and Canyon Lake was created. Prior radiocarbon dating documented that Canyon Lake sediments are up to 10,200 years old (Brubaker, 1975; Davis, 1981) . However, to our knowledge, no work has been done to investigate whether sediments are continuously laminated. Smith (1940) first documented the meromixis at Canyon Lake during a monitoring campaign over an entire year between 1938 and 1939. He made several observations including temperature and dissolved oxygen that matched what we observed in 2016-2018, providing evidence that the water column has remained stable and stratified in the last 80 years. Smith (1940) measured inorganic carbon at Canyon Lake in the form of total alkalinity and free CO 2 . His measurements indicate an increase in both total alkalinity and free CO 2 below about 15 m in Canyon Lake and that these trends do not vary seasonally. Total alkalinity was 0.2 mM as CaCO 3 at the surface and reached 2.1 mM as CaCO 3 at 21 m. Similarly, his lowest free CO 2 measurement was 0.02 mM at the surface and highest was 5.27 mM in the monimolimnion. We observed the same pattern in DIC from the surface (0.2 mM) to the bottom (6.3 mM), confirming trends Smith described from fieldwork in the 1930s. Stratification resulting from anthropogenic factors can be excluded, because the water chemistry has been consistent these 80 years, and ions such as chloride that might indicate contamination are undetectable in Canyon's surface water (Table 2) . 
Water Isotope Profiles
18
O values occurs with the transition from surface waters that are subject to seasonal heating to deeper water that remains at 4-5°C year-round. This resonates with a thermocline at 2-3 m documented in the late 1930s (Smith, 1940) , and from our sonde and thermistor data (Figures 3 and 7a) . The conductivity data indicates that the chemocline is much deeper, between 16 and 17 m.
The 1-3 m water is likely sourced primarily by precipitation, but with some component of spring water feeding the north end of the lake and seeps coming out of the canyon walls above the lake. Kolka et al. (2010) reported the isotopic composition of surface waters from other lakes within HMC property and defined a LEL from these data. Surface δ 2 H and δ 18 O data (1-3 m) lies closer to the GMWL than these other lakes (Figure 7c ). This likely results from less evaporation due to its surrounding canyon-like topography, which provides wind protection and minimizes direct sunlight. The spring water falls to the left of the GMWL,
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Journal of Geophysical Research: Biogeosciences and in addition to muted evaporation, could also contribute to the isotopic composition of Canyon Lake 1-3 m. The seep water, sampled as drip water in September 2017, falls near the GMWL but is isotopically heavier than Canyon Lake 1-3 m. The same seep sampled as drip water in February 2018 was much lighter. These trends can be explained in terms of shallow recharge from precipitation that is isotopically heavy in summer and lighter in winter and must supply some amount of water to the surface of Canyon Lake as we observe it dripping into the lake.
The deeper (4-21 m) water samples lie at the intersection of the GMWL and the LEL. They are isotopically very similar to a sample taken from a HMC tap, sourced from a well, and are representative of local groundwater. Another line of evidence consistent with a groundwater source to Canyon Lake come from conservative elements. Chloride is 301 μM at 20 m depth in Canyon Lake. Seventy-five percent of Michigan groundwaters have less than 390 μM Cl À , on par with deep waters from Canyon Lake (Dumouchelle & Cummings, 1986) .
The average temperature of shallow groundwater in this region is 5.6°C (Environmental Protection Agency, 2016) . Temperature measurements at 22 m were 5.47°C in September 2017 and 5.45°C in February 2018, showing no seasonal variation, and consistent with groundwater input (Rosenberry & LaBaugh, 2008) . The thermistor profile also shows a slight increase in temperature below 18 m to characteristic groundwater values, consistent with sonde-based profiles made seasonally. These factors indicate it is possible that the monimolimnion is influenced by local groundwater.
Redox Profiles
Dissolved Fe in the surface water of Canyon Lake is 0.77 μM, much higher than that in Brownie Lake, and perhaps suggestive of input of Fe into the lake. Unfiltered drip water from the seep on the canyon wall sampled in February 2018 had 5 μM total Fe, suggestive that this recharged water may add Fe to the lake. The dissolved Fe load in the monimolimnion of Canyon Lake is 1.6 mM, higher than the highest Michigan groundwater reported by Dumouchelle et al. (1988) , which was 518 μM. Given the possibility of a groundwater source to the Canyon Lake monimolimnion, Fe in the lake could also be added from groundwater. Oxidation of Fe in the oxic water column would then produce Fe (III)-oxide particulates, which sink into the monimolimnion to undergo reductive dissolution back to Fe (II), maintaining a reservoir of dissolved Fe. Such a mixed surface water groundwater flux of Fe has been described before for meromictic Lake Pavin (Michard et al., 1994) , while detrital Fe-rich sediments are the ultimate source of Fe (II) for ferruginous Lake Matano (Crowe et al., 2008) .
Nutrient Profiles
In regard to other elements, Canyon Lake has comparable surface total phosphorus to other lakes in Michigan: the average total phosphorus levels of~680 inland lakes in Michigan is 0.18 μM (Fuller & Tariscka, 2012) , in the range of our measurement of 0.1 μM ( Table 1) . The same study reported average 
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Journal of Geophysical Research: Biogeosciences bottom water total phosphorus values of 0.775 μM (Fuller & Taricska, 2012) , whereas the monimolimnion of Canyon Lake contained 1.2 μM of total phosphorus.
Mineralogy
Iron and Mn oxide and hydroxide minerals generally become increasingly saturated up to the 16-to 17-m chemocline in Canyon Lake, with major oxides showing saturation in surface waters and becoming undersaturated in deep anoxic waters (supporting information Figure S3 ). This interval may be an interesting spot to look for mixed-valence Fe and Mn minerals (e.g., Zegeye et al., 2012) . In contrast to Brownie Lake, Canyon has lower overall concentrations of both DIC and dissolved phosphate. Furthermore, suboxic cycling of Mn is much less prominent at Canyon Lake but is observable in the zone just above the chemocline. Calcite and rhodochrosite are undersaturated at all intervals of Canyon Lake throughout the season. Siderite is weakly saturated in the deepest intervals of the monimolimnion. Greenalite and vivianite are slightly undersaturated in this zone. The persistent undersaturation of most major reduced iron minerals in the deep waters of Canyon Lake may help explain the extremely conservative behavior of iron in this system, and suggests carbonates may represent the most viable phase for Fe export to sediments in nutrient-limited environments.
Further work could focus on mineralogical phase identification.
Implications for Archean Ocean Biogeochemistry
Ferruginous lakes have received heightened attention in the last decade as analogs for chemically stratified oceans that were anoxic and rich in dissolved Fe at depth, conditions which are thought to have persisted throughout much of the Archean and Proterozoic (Planavsky et al., 2010; Poulton & Canfield, 2011; Sperling et al., 2015; Wood et al., 2015) . Most attention in this capacity has been placed on large tropical meromictic lakes, such as Lake Matano in Indonesia (Crowe et al., 2008) , or the ferruginous basin Kabuno Bay of Lake Kivu on the border of Rwanda and Democratic Republic of Congo (Lliros et al., 2015) . Volcanic lakes such as Lake Pavin in France and karstic lakes like Lake La Cruz (Camacho et al., 2017; Rodrigo et al., 2001 ) have also been studied. Lake Matano is in a catchment basin composed of weathered ultramafic rocks and so is rich in Fe, Ni, and Cr, with detrital Fe (oxyhydr) oxides providing the source of Fe to the lake (Crowe et al., 2008) . Lake Kivu is an active rift lake, a feature which heavily influences the chemistry of the waters, as noted by the degassing of geogenic CO 2 and CH 4 into the monimolimnion (Pasche et al., 2011; Schmid et al., 2005) . Lake Pavin is a crater lake, formed in young igneous volcanic rock, which also derives monimolimnetic CO 2 from degassing (Assayag et al., 2008) . As such, these lakes may best represent ocean systems that were heavily influenced by marine hydrothermal activity (Isley, 1995) and weathering of mafic to ultramafic continental crust (Arndt, 1983) , predominating in Archean to early Proterozoic. Lake La Cruz is located in a region underlain by limestone which undergoes annual summer precipitation events known as whiting, in which calcium carbonate is produced in noticeable quantities caused by increased CO 2 uptake by photosynthetic microbes (Rodrigo et al., 1993) and is a valuable analog for carbonate-saturated oceans.
The chemical composition of Brownie Lake and Canyon Lake reflect (1) interaction with continental crust or its derivative material from weathering and glaciation and (2) anthropogenic inputs that provide a range of salinities. The utility of these Midwestern lakes as ferruginous ocean analogs may therefore be in understanding the influence of continental crust and sediments derived from it to evolving ocean chemistry and sedimentology. Such relevant settings would have increased with the emergence of nonmafic continental crust initiated by 3 Gyr (Dhuime et al., 2015) . As suggested above, the iron content of Brownie Lake may be related to the glacial till in the area, composed of shales and carbonates , while Canyon Lake sits within Precambrian-aged bedrock, which has a thin cover of glacial till (Brubaker, 1975) . The influence of shale-derived till likely increases the amount of manganese and sulfur present in Brownie Lake to the tens to hundreds of micromolar observed. Micromolar level sulfate in Canyon Lake may reflect the surrounding bedrock composition.
Because of its redox sensitivity and its ability to form minerals, the estimates for Fe concentrations in ferruginous oceans vary widely in space and time, and depending on the local geochemical conditions, from tens to hundreds of millimolars at the highest (Mel'nik, 1975; Morris & Horwitz, 1983) down to a few to hundreds of micromolars (Eroglu et al., 2017; Holland, 1973; Sumner, 1997; Tosca et al., 2016) . Most of this range is encompassed by Brownie Lake and Canyon Lake. The Fe concentrations in Brownie Lake and Canyon Lake range from tens to hundreds of nanometers in the oxic portion, to >1,000 μM in bottom waters. These high iron concentrations may result from the weathering and redeposition of Precambrian shield rocks and 10.1029/2018JG004587 sediments derived from it into the formerly glaciated regions where Brownie Lake and Canyon Lake are located, as discussed above.
In terms of elemental inventories in Precambrian ferruginous oceans, there is much discussion in the literature regarding the availability of phosphate due to its role as an (often) limiting nutrient in aquatic systems.
Compilations of P/Fe ratios from marine iron formations, which can be used to calculate the phosphate concentration in coeval seawater (Konhauser et al., 2007) , indicate that the phosphorus reservoir in the deep oceans in the Archean and early Proterozoic was up to four times larger than the modern reservoir (Planavsky et al., 2010) . Quantitative estimates for the phosphate concentration of ferruginous oceans are 0.04 μM to 0.13 μM (Konhauser et al., 2007) . Recent work assessing the phosphorus content of fine-grained, near-shore sediments indicates that ferruginous deep oceans may have been accompanied by P-starved conditions in the shallow ocean (Reinhard et al., 2017) , presumably less than the concentrations inferred by Jones et al. (2015) . This interpretation is based on the observation of a deep anoxic P sink as vivianite (FePO 4 ) in ferruginous Lake Pavin (Cosmidis et al., 2014) .
In comparison to ferruginous ocean estimates, the dissolved phosphate concentrations are less than 1 μM in the mixolimnion of Lake Pavin but increase to over 300 μM in bottom waters (Michard et al., 1994) . At the other end of the phosphate spectrum is Lake Matano, where a maximum of 50-nM phosphate in surface waters constitutes its classification as ultra-oligotrophic (Crowe et al., 2008) . Phosphate concentrations reached 8-10 μM in Matano bottom waters, with phosphate shuttling likely achieved via sorption to Fe (oxyhydr) oxides (Crowe et al., 2008) . In contrast to Lake Pavin, authigenic particulates forming at the oxic-anoxic interface are green rusts, which were not reported to contain phosphate (Zegeye et al., 2012) . Brownie Lake and Canyon Lake fall in between these two lakes, with Brownie Lake having 0.4-μM dissolved phosphate at 1 m, and 26.6 μM at 13 m, and Canyon Lake having 0.2 μM at 1 m, but much less of an enrichment in bottom waters, only 0.9 μM at 20 m (Table 1) . The relationship between ferruginous conditions and phosphate availability is likely complex, controlled by sorption to Fe (III)-(oxyhydr) oxides in oxic waters (Bjerrum & Canfield, 2002; Jones et al., 2015; Konhauser et al., 2007) , and precipitation with Fe (II) in anoxic waters (Cosmidis et al., 2014) . However, factors such as the sulfate content of water may also control phosphate availability by interaction with iron (Blomqvist et al., 2004) . A range of ferruginous systems provide a mechanism to test the controls over phosphate contents in the presence or absence of some of these factors, such as sulfate and iron content.
Ferruginous lakes can also contribute to further understanding of the pathways of primary productivity active in past ferruginous oceans. Anoxygenic phototrophs that fix inorganic carbon using light and reduced Fe, photoferrotrophs, are thought to predate oxygenic phototrophs (Fischer et al., 2016) as the primary producers of early Earth, providing a crucial source of organic carbon for microbial life. The contribution of photoferrotrophs to primary productivity in several ferruginous lakes, where controls on their activity such as the presence of sulfide, have been documented (Crowe et al., 2008; Llirós et al., 2015; Walter et al., 2014) . Oxygenic photosynthetic bacteria, similar to modern cyanobacteria, are thought to have appeared on Earth as early as 3 Gyr based on evidence for atmospheric and surface ocean oxygen (Crowe et al., 2013; Planavsky, Asael, et al., 2014) . In the scenario where both photosynthetic pathways may have been active, Fe:P > 424 is thought to favor photoferrotrophs, while Fe:P < 424 is thought to favor cyanobacteria (Jones et al., 2015) . Additional lakes such as Brownie Lake and Canyon Lake, which have low Fe:P ratios in the photic zone (Brownie: 0-37; Canyon: 2-9), can help to define the range of physical and chemical conditions that support different types of photosynthesis. For instance, photoferrotrophy is unlikely at Canyon Lake, because light penetrates only to 11.5 m, and anoxic and Fe (II)-rich conditions exist only below 18 m. And previous research has noted a paucity of cyanobacteria in Brownie Lake relative to other phytoplankton (Swain, 1984) , although the possibility of photoferrotrophy has not yet been evaluated there.
Another important biogeochemical aspect of ferruginous lakes is the methane cycle. A feature of most wellstudied ferruginous lakes to date are the millimolar range of methane concentrations in bottom waters (Crowe et al., 2011; Lopes et al., 2011; Oswald et al., 2016; Pasche et al., 2011) , and Brownie Lake and Canyon Lake are no exception (Table 1) . A unique section of Canyon Lake lies below where light can penetrate (11.5 m) and above the chemocline (18 m). Oxygen ranges from 30 μM at 12 m and 1.5 μM at 18 m. This suboxic zone may provide a niche for aerobic methanotrophs. Microbial methane oxidation has been found to be most active at these oxic/anoxic interfaces (Hanson & Hanson, 1996) , and recent research in 10.1029/2018JG004587
Journal of Geophysical Research: Biogeosciences meromictic Lake Zug reinforces the hypothesis of active microbial methane oxidation in the suboxic zone. Researchers determined that the highest microbial methane oxidation potential was present at depths with 15-20 μM oxygen (Oswald et al., 2016) . Constraining the physical, chemical, and biological controls on methane cycling in ferruginous lakes may help to better understand the role of ferruginous oceans in methane emissions to the atmosphere, which may have moderated Archean climate (Kasting & Catling, 2003) .
Marine sulfur cycling was limited by the size of the sulfate reservoir prior to the beginning of coastal ocean oxygenation around 2.7 Gyr. Archean surface ocean sulfate concentrations may have been below 50 μM Fakhraee et al., 2018) . Sulfate concentrations reached hundreds of micromolars in the early Proterozoic and may have reached as high as 4.5 mM in the Proterozoic (Kah et al., 2004) . At the micromolar sulfate concentrations found in these two lakes, microbial sulfate reduction re-mineralizes a correspondingly smaller fraction of organic material exported from the water column, channeling anaerobic carbon mineralization through methanogenesis (Habicht et al., 2002; Holmer & Storkholm, 2001 ). Biologically produced methane can then become oxidized, coupling with available electron acceptors such as iron, manganese, nitrate, nitrite, and sulfate (Knittel & Boetius, 2009) . While efficient methane removal through sulfatedriven oxidation of methane (S-AOM) is well documented in marine environments with high sulfate levels (28 mM), there has not been corresponding investigation of this process in systems with micromolars sulfate. Brownie Lake and Canyon Lake therefore represent appealing systems in which to study this process. Thermodynamic calculations suggest the S-AOM pathway to be favorable down to a few micromolars of sulfate, yet anaerobic oxidation of methane under low sulfate condition has been speculated to be coupled with Fe and Mn reduction (Crowe et al., 2011) . Canyon and Brownie Lakes thus provide a unique opportunity to not only quantify the minimum level of sulfate at which this microbial pathway occurs in natural systems but also pave the road to investigate the role of S-AOM on methane removal in the Archean ocean, where sulfate may have been a more significant electron acceptor than Fe and Mn oxides.
Conclusion
As modern climate change scenarios, such as increasing temperatures, may poise lakes toward less frequent mixing (Adrian et al., 2009; Livingstone, 2003; Stefan & Fang, 1997) , it is worth studying both anthropogenic and natural meromictic lakes on the ferruginous spectrum, so that we better know the role of these systems in modern global biogeochemical processes. Brownie Lake and Canyon Lake are meromictic lakes distinguished by the high concentrations of dissolved Fe (>1,000 μM) in the anoxic bottom waters. Meromixis at Brownie Lake is due to anthropogenic perturbations: lake lowering in the early 1900s dropped the lake level deeper into its basin and reduced surface area, which prevents wind mixing. Its urban setting provides a source of road salt contamination, which has increased bottom water density and stabilized the water column from mixing. At Canyon Lake, meromixis results from its small surface area and a deep basin at the north end of the lake. Canyon Lake has a northwest-southeast orientation and is surrounded by canyon walls, which limit solar radiation and wind mixing. These two systems fill in a gradient of physical, chemical, and biological attributes that are useful for studying the geochemical, microbiological, and mineralogical questions pertaining to early ferruginous oceans. the HMWF for providing housing and access to Canyon Lake. We acknowledge the Minneapolis Parks and Recreation Board for permits to work on Brownie Lake and Amy Myrbo (LacCore) for discussion and assistance in the field. Many thanks to students who assisted with sampling and laboratory analysis including Duncan Widman, Ashley Grengs, Paige Bauer, Matt Pronschinske, Kelly Hunt, Josh Torgeson, Trevor Van Dyke, and Raisa Islam. The authors declare that they have no conflict of interest. Our data are all provided as supporting information.
